The effect of phorbol esters on the light-evoked responses of horizontal cells were studied in the turtle eyecup preparation. Phorbol esters caused a reduction in receptive field size and a significant decrease in the amplitude of responses to annular and full-field illumination; however, they caused only minor changes in responses to small spots in the receptive field centre. The dark membrane potential was not affected. The results suggest that phorbol esters may affect both coupling resistance and membrane resistance in horizontal cells. The effects of phorbol esters were blocked by the protein kinase C inhibitor staurosporine, and inactive phorbol ester had no effect, making it very likely that the phorbol ester effects were mediated through activation of protein kinase C. The above effects of the phorbol esters were considerably reduced by the dopamine antagonists haloperidol and fluphenazine, suggesting that they were in part mediated by release of dopamine.
Introduction
Recent studies have suggested that protein kinase C (PKC) may be involved in some aspects of synaptic transmission between neurons (Nishizuka, 1984 (Nishizuka, , 1986 Kaczmarek, 1986; Malinow et a/., 1989) .
Immunocytochemical and biochemical studies have also revealed the presence of PKC in a variety of retinal neurons (Negishi et a/., 1988;  Cuenca et a/. , 1990; Greferath et a/. , 1990; Kato et a/. , 1990; Janssen and Weiler, 1991) . but knowledge about the functional significance of its widespread distribution in the retina is still poor. Activation of PKC with phorbol esters facilitates the release of dopamine from the carp retina (Kato et a/., 1990) and causes morphological changes in isolated horizontal cells from catfish retina (Rodrigues and Dowling, 1991) . In the intact carp retina, activation of PKC with phorbol esters causes neurite formation; so-called spinules are formed on horizontal cell processes and invaginate into cone photoreceptor terminals . The formation of these spinules also occurs during the process of light adaptation in the carp retina (Wagner, 1980; Weiler and Wagner, 1984) , suggesting that activation of PKC may play a role in light adaptation.
Many retinal neurons, including horizontal cells, are electrically coupled through gap junctions (Kaneko, 1971; Vaney, 1991) . The extensive coupling of these cells is subject to modulation depending on the ambient light conditions (Mangel and Dowling, 1985; Dong and McReynolds, 1991) . a process which involves the neurotransmitter dopamine. Dopamine regulates a CAMP dependent protein kinase which in turn modulates junctional conductivity (Lasater, 1987; DeVries and Schwartz, 1989) . In other tissues several other substances, including PKC, are known to affect gap junctional conductivity (Spray and Burt, 1990) ; activation of PKC increases the coupling resistance through phosphorylation at specific sites of the connexin protein (Asamota et a/. , 1991). The fact that several agents have been shown to regulate gap junction conductivity suggests that its regulation in retinal neurons may be complex and may also depend on the activation of PKC. However, it is not yet known how activation of PKC affects the light-evoked electrical responses of any neurons in the retina. The present study was undertaken to investigate possible effects of the activation of PKC within retinal neurons on the light-evoked responses of horizontal cells.
Materials and methods
Responses were recorded from horizontal cells in the inverted eyecup preparation of the red-eared turtle, Pseudemys scripta elegans. Animals were kept in a greenhouse under natural light conditions, and all experiments were performed in the afternoon. The preparation was made under dim room illumination. After decapitating the animal and removing the eye, the anterior portion of the eye was sliced away with a razor blade; after removing as much as possible of the vitreous humour with a paper wick, the eyecup was inverted and mounted with the convex, vitreous side up in the recording chamber, where it was superfused with oxygenated turtle Ringer solution. The composition of the normal Ringer was (in mM/l): NaCl 110, KCI 2.6, CaC12 2.0, MgC12 2.0, glucose 10, HEPES buffer 5. Known concentrations of test substances were added without substitution, and all solutions were adjusted to pH 7.4 with NaOH. PKC activity in retinal neurons was stimulated by adding the phorbol esters 12-0-tetradecanoyl-phorbol 13-acetate (TPA) or phorbol 12,13-dibutyrate (PDBu) to the superfusate, and PKC activity was inhibited by the addition of staurosporine. In some experiments the inactive phorbol ester 4-alphaphorbol 12.13-didecanoate was used. These agents were first dissolved in a small quantity of dimethyl sulphoxide and then diluted to the desired concentration in Ringer solution. Haloperidol and fluphenazine were dissolved in Ringer. TPA, PDBu and 4-alpha-phorbol 12,13-didecanoate were obtained from Serva, and staurosporine, haloperidol and fluphenazine from Sigma.
Intracellular recordings were made with conventional electronics and 3 M potassium acetate-filled microelectrodes of 100 -200 MR resistance. Responses were stored on magnetic tape and displayed on a chart recorder or digital plotter. The results were obtained from luminosity-type horizontal cells, which were identified by their large receptive fields and large hyperpolarizing responses to light of all wavelengths. In most experiments the retina was kept in a light-adapted state by continuous exposure to a diffuse, steady, white background light, which caused a steady hyperpolarization of horizontal cells by about 5 mV. White light stimuli from a 100-watt tungsten halogen source were presented as one of three standard test stimuli: a small spot (200 pm diameter) centred in the cell's receptive field, a concentric annulus (lo00 pm inside diameter, 2750 pm outside diameter) and diffuse, full-field illumination of the entire retina. The unattenuated density flux at the plane of the retina was lo5 pwatt/cm2. 
Results

Effects of phorbol esters on horizontal cell responses
The phorbol esters TPA and PDBu caused a decrease in the amplitude of annulus and full-field responses in all cells, but they had variable effects on the responses to small, centred spots. In Figure 1 , the three columns (A, B and C) show the effects of TPA in three different cells. In each column the responses in the top row are to the small spot stimulus, those in the middle row are to the annulus, and those in the bottom row are to full-field illumination. For each stimulus type a pair of responses is shown; the response on the left is a control and that on the right was recorded 5 min after the addition of 20 pM TPA to the superfusate. These results are summarized in Figures 4 and 5 (unfilled bars). TPA (1 -20 pM) and PDBu (2 -10 pM) decreased the amplitude of the annular and full-field responses in all of the 43 cells tested; however, the response to the spot stimulus was increased in 13 cells, unchanged in 14 cells, and slightly reduced in 16 cells.
In a given experiment the type of effect on the spot response (increase, decrease or no change) persisted throughout the observation period (up to 60 min) and was not related to the concentration of the phorbol ester. Statistical analysis of the data indicated that the observed variations did not represent three distinct groups. It is more likely that the different effects on the spot response represent variations in the extent to which the spot stimulated the peripheral portion of the receptive field. In most experiments there was no recovery of response amplitude when the superfusate was switched back to normal Ringer, even after 15 min. The TPA-induced decrease in annulus and full-field responses was seen at all light intensities. Figure 2 shows the effect of PDBu (2 pM) on the horizontal cell response-intensity relationships. For the annular and full-field stimuli, but not the small spot stimulus, the response -intensity curves were markedly scaled down in amplitude, but the intensity which caused half-maximal responses was not changed. The effect of phorbol ester on receptive field size is shown in Figure 3 ; the plot shows the amplitudes of responses produced by a 200-pt-n diameter spot at different displacements from the receptive field centre (Fig. 3A) and the amplitudes produced by spots of increasing diameter centred at the tip of the recording electrode (Fig. 3B) . In the presence of phorbol ester (filled circles) the response amplitudes declined more rapidly with distance from the receptive field centre and large spots produced a much smaller response amplitude, indicating a reduction in the length constant of the horizontal cell network.
The inactive phorbol ester 4-alpha (20 pM) had no effect in any of the four retinas tested, whereas subsequent addition of 20 pM TPA had its typical effect in all of these retinas. Figure 4 shows that the effects of the phorbol esters were also greatly reduced in the presence of 2 pM staurosporine, which inhibits the activation of PKC (Tamaoki ef a / . , 1986). Thus, the above-decribed effects of TPA appear to be due to the activation of PKC. Staurosporine itself caused a slight increase in amplitude of all light responses, suggesting that there was some tonic level of PKC activation under the conditions of these experiments.
Dopamine antagonists block the action of phorbol esters on horizontal cell responses
Since phorbol esters have been shown to increase the release of dopamine in fish retina (Kato et a / . , 1990) , some experiments were done to determine whether the abovedescribed effects of phorbol esters on horizontal cell responses were due to an increase in dopamine release. Under our conditions the dopamine antagonists haloperidol and fluphenazine alone had no noticeable effect on horizontal cell responses, but the effects of the phorbol esters on horizontal cell responses were significantly reduced in the presence of dopamine antagonists. Figure 5A compares the effects of TPA in 27 control cells (unfilled bars) and in five cells in the presence of 100 pM haloperidol (hatched bars); Figure 5B compares the effects of PDBu in 16 control cells (unfilled bars) and in four cells in the presence of 60 pM fluphenazine (hatched bars). In the presence of either antagonist the phorbol esters had much less effect on annulus and full-field responses. Under these conditions the phorbol esters caused significant decreases in amplitude of all three types of light stimuli, but there was no evidence of a differential effect on spot and annulus responses.
Discussion
Phorbol esters always caused a large reduction in the amplitude of horizontal cell responses to full-field or annular illumination, but their effect on the responses to small, centred spot stimuli was variable (either a small decrease or a small increase). Since the inactive phorbol ester 4-alpha-phorbol 12,13didecanoate did not produce any of these effects. and since the effects were blocked by the PKC inhibitor staurosporine, it is likely that they were due to the activation of PKC. It is also likely that these effects are due to the activation of more than one type of PKC, as discussed below. The site of the PKC activation on the retina which caused these changes in horizontal cell responses is not clear. PKC has been demonstrated immunocytochemically in cone pedicles, bipolar cells and some amacrine cells in turtle retina (Cuenca et al., 1990) and in some bipolar cells and dopaminergic cells in fish retina (Negishi et a/., 1988) . Immunocytochemical studies have not revealed PKC in horizontal cells; however, there are several different subspecies of PKC and it is possible that horizontal cells contain a type of PKC which is not recognized by the antibodies used in those studies. In fact, other evidence suggests that some form of PKC is present in horizontal cells. For example, in fish phorbol esters induce anatomical changes in isolated horizontal cells (Rodrigues and Dowling, 1990) and cause phosphorylation of specific proteins in horizontal cell fractions (Janssen and Weiler, 199 1) . Also, the phorbol ester-induced spinule formation in fish horizontal cells was seen in retinas in which chemical synaptic transmission from other neurons was blocked . The effects of phorbol esters on horizontal cell responses appear to be mediated by more than one mechanism; the present results suggest at least two actions which are mediated by an increase in dopamine release, as well as other actions which do not appear to be mediated by dopamine.
Two effects of phorbol esters on horizontal cell responses were greatly reduced in the presence of dopamine antagonists. One is and antagonist was fluphenazine (60 pM). The differences in A and B were statistically significant (P < 0.05. unpaired r-test). Log I was -1.5 to -2.0.
the increased response to small centred spots and reduction in annular response seen in some cells; this change is consistent with a dopamine-induced increase in coupling resistance between horizontal cells (Piccolino et al., 1984; Lasater and Dowling, 1985; Dong and McReynolds, 1991) . The other is the decrease in full-field response amplitude; this effect cannot be explained by a change in coupling resistance since no lateral current flows between horizontal cells under full-field illumination, or by an increase in horizontal cell responsiveness to glutamate (Knapp and Dowling, 1987) , since the latter would also cause a depolarization of horizontal cells in darkness, which was never observed in response to phorbol esters. The reduction in full-field responses thus appears to be due to some other action of dopamine. Phorbol esters cause the release of dopamine from interplexiform cells in fish (Kato et al., 1990) , and it is possible that they could have a similar effect on the dopaminergic cells in turtle retina, which are believed to be amacrine rather than interplexiform cells (Witkovsky et al., 1984; Kolb et al., 1987) . The fact that some of the effects of phorbol esters were not completely blocked by dopamine antagonists, even at relatively high concentrations, suggests that activation of PKC may also have some other action(s) not related to an increase in dopamine release. The phorbol ester-induced spinule formation in fish horizontal cells is probably not due t o an increase in dopamine release, since it was seen in retinas in which chemical transmission had been blocked with cobalt and also in retinas in which dopaminergic cells had been destroyed with 6-hydroxydopamine (Weiler et a/.. 1991) . Although phorbol esters have been shown to reduce gap junction conductance in other tissues (reviewed in Spray and Burt, 1990) , the fact that the major phorbol ester effect not blocked by dopamine antagonists was a decreae in responses to all light stimuli suggests that it was not a change in gap junction conductance. It is possible that the reduction in amplitude of horizontal cell responses was in part due to a reduction of light responses in photoreceptors, but this could not be tested in the present experiments due to difficulty in obtaining long-lasting recordings from photoreceptors.
Since PKC has been found in several different sites in the retina and may be present in all retinal cells, it is not surprising that its widespread activation by exogenously applied phorbol esters can cause complex physiological changes. Although phorbol esters clearly affect horizontal cell responses t o light, these effects are difficult t o explain by a single mechanism. It remains to be seen how the effects reported here a r e related to the light-and dark-adaptive changes mediated by dopamine and PKC activation (Mangel and Dowling, 1985; Kohler and Weiler, 1990; Weiler ef al., 1991) .
